The Almadin mercury deposits represent one of the largest geochemical anomalies on Earth, but the mode and timing of their formation remains a matter of controversy. There are two main possibilities: hydrothermal solutions associated with alkali basalt volcanism in the Silurian and Devonian; or regional hydrothermal activity during later Hercynian metamorphism. Although these models can be distinguished by determining the age of ore deposition, no suitable isotopic method had been applied to the problem prior to this study. We report here on vacuum encapsulated and more traditional laser "Ar/ "Ar dating performed on illite concentrates and Cr-rich micas that are intimately associated with mercury mineraiization in both Devonian and Silurian host rocks. Illite is associated with a later stage of Hg mineralization (cinnabar + kaolinite + pyrophyllite + chlorite) which locally replaces an earlier episode associated with carbonates and Cr-mica. The dating results from illite separates suggest that the later stages of Hg mineralization or remobilization occurred about 360 Ma, which is about 20 Ma younger than any mercury-hosting rocks in the district and coincides with the onset of regional deformation during the Hercynian orogeny. Cr-mica ages are variable and range from 365 Ma to 427 Ma. This age range spans the period between the deposition of the Criadero quartzite (the oldest sedimentary unit hosting mercury), and the later episode of mineralization. This suggests that mineralization started at least by the mid to lower Silurian and the younger argon ages for Cr-mica could represent partial to nearly total argon loss, caused by the Hercynian metamorphic event. It appears that both postulated styles of mercury mineralization occurred, separated in time by up to 80 million years.
Introduction
anomaly on the planet (Fig. 1 PIi soof2-821X(97)ooo4r-1 vonian sequence, or it might have been emplaced (or remobilized) during later Hercynian deformation, metamorphism and granitic magmatism. Present models for global mercury budgets do not recognize submarine volcanism, hot spring activity, and metamorphism as major sources [2, 3] , making a test of these hypotheses important to studies of global mercury dispersion. Knowledge of the age of mineralization at Al-madCn is necessary to resolve the controversy over the origin of this geochemical anomaly. If the 'volcanic model' is correct, the mercury deposits should be nearly the same age as their enclosing rocks. If the 'metamorphic-magmatic model' is correct, the deposits should be significantly younger than their enclosing rocks. Although the mercury deposits at AlmadCn are associated with hydrothermally altered rocks, the alteration minerals are generally regarded as being too fine grained for conventional age measurements. These minerals are amenable, however, to the recently developed vacuum encapsulated laser 40Ar/ 39Ar method for dating fine-grained micas [4, 5] .
Geologic setting of mercury mineralization at Almadh
Mercury mineralization at Almadin is hosted by Paleozoic sedimentary and mafic volcanic rocks that unconformably overlie Pre-Ordovician basement rock in the central part of the Iberian Peninsula (Figs. I and 2). The Paleozoic sedimentary-volcanic package, which ranges from Ordovician to Devonian in age, consists of four transgressive sequences of shales and sandstones/quartzites, with mafic volcanic interlayers. The mafic volcanic rocks, which are largely alkali basalt [6-81, are found throughout the Silurian-Devonian part of the section and include dikes, sills, flows, and bedded pyroclastic deposits, including breccias known as fruilesca that are well developed at most of the mercury mines. This sequence was folded, metamorphosed [9] and intruded locally by felsic plutonic rocks during Hercynian deformation, which ended in this area by the Pennsylvanian
Mercury deposits at AlmadCn have been divided into two groups based on their host rocks [ 1, 12, 13] . Best known are deposits hosted by sedimentary rocks, which are also the largest. These include the original Almaden deposit, as well as the large El Entredicho and smaller Vieja Conception deposits, all of which are in the Lower Silurian Criadero quartzite (Khuddanian to Lower Aeronian [14]), and the El Burcio deposit, which is in the Devonian base quartzite. In most of these deposits, cinnabar is hosted largely by sedimentary rocks, where it fills original porosity, although some ore is also found in fractures in volcanic rock and/or fi-uilesca-type breccia (Fig. 2) . The other type of deposit is hosted largely by volcanic rocks and breccias, where it fills fractures. Deposits in this group include the large Las Cuevas and possibly the smaller El Nuevo Entredicho and La Nueva Concepcih deposits fin Silurian rocks), as well as the Corchuelo and Guadelperal showings (in Devonian rocks).
The most widely held model for formation of the Almaden mercury deposits involves the alkali basalt volcanic rocks, which are restricted largely to the Almaden area [18] . Most deposits are closely related to ,frailesca-type breccias that formed during this volcanism, and some ore bodies even decrease in grade outward from the breccias [12,13,15-171. The mercury itself might have been derived from the surrounding sediments [ 171, although a more likely source is the mafic volcanic rocks themselves [IIS]. Although some ore might have been deposited by exhalation of mercury-bearing solutions onto the seafloor [ 12,171, most ore was probably deposited from shallow, subsurface hydrothermal systems circulating in the extensive sedimentary and volcanic/frailesca porosity. A second possible origin for the mercury mineralization involves the Hercynian metamorphism and magmatic activity that affected the sedimentary-volcanic sequence. Abundant mineralization, particularly at Las Cuevas [ 161, is hosted by fracture and other secondary porosity, which could have formed at this time by large-scale hydrothermal systems circulating through sedimentary and breccia porosity.
The two contrasting models for mercury mineralization would produce different geochronologic histories. Mineralization related to alkali basalt volcanism could have formed at several different times over the interval from the Upper Silurian to Devonian, whereas mineralization related to Hercynian metamorphism or intrusive activity would have been a single event that took place in the Pennsylvanian. Because the two types of mineralization formed different alteration assemblages it is possible to test their ages using isotopic age measurements. In this study, we have used 4oAr-39Ar methods to date fine-grained micas from the two assemblages, as described below.
Sample selection and laboratory methods
Higueras 1191 and Higueras et al. [20] recognized two main types of hydrothermal alteration related to mercury mineralization in the Almaden area. The earliest of these, which consists of chlorite, Cr-mica (fuchsite or mariposite?), and Ca-Mg-Fe carbonates, is best developed near stratiform mercury mineralization at Almaden and El Entredicho. This alteration is overprinted locally by various combinations of muscovite/illite, kaolinite and pyrophyllite, which are found around all types of mercury deposits, although they are best developed around fracturehosted ore. Higueras et al. [20] have shown that this second stage of alteration surrounds cinnabar-native mercury veins at Las Cuevas, where it changes outward from an inner pyrophyllite-kaolinite zone, through an illite-rich zone, into an outer chlorite-rich zone. In this study we have used Cr-mica from the earlier alteration assemblage at El Entredicho and fine-grained muscovite/illite from ore-related alteration in volcanic rocks at both the El Entredicho and the Las Cuevas deposits. Since the alteration products are hosted by volcanic rocks and not sedimentary rocks the problem of detrital contamination of the illites is avoided.
In the first part of this study, illite alteration from the second stage of mercury mineralization was analyzed. Altered rocks containing fine-grained muscovite/illite were crushed and milled by hand in an agate mill to 50 pm. The resulting powder underwent gravitational settling in distilled water at room temperature in a 1 1 graduated cylinder. After 8 h of repose, the top 10 cm of water was removed with the < 2 p,rn fraction, which was used for analysis. One sample that was rich in calcite (SC-87/403, Table I> was Ieached prior to settling with cold, dilute HCl. The 4oAr-39Ar analyses were performed using the vacuum encapsulation technique outlined in Dong et al. [5] . A single clump of clay concentrate (approximately 1 mm) was placed in a quartz vial that was then evacuated to a pressure of about 5 X 10e8 torr. These quartz capsules were irradiated, along with packets of inter-laboratory standard hornblende Mmhb-1 (age = 520.4 Ma, [21] ) at location L67 for 60 MWh in the Phoenix-Ford Memorial nuclear reactor of the University of Michigan. After neutron irradiation, the sample capsules were loaded into a glass manifold which is attached to the laser fusion system. The quartz sample vials are equipped with a 'swan's neck' break-seal, which permits the measurement of Ar isotopes that are released from the sample during irradiation. Special care was taken to ensure that the clay samples remained cool during the encapsulation and irradiation procedures (T < 50°C). There was no evidence for significant release of radiogenic 40Ar during irradiation.
In the second part of the study, Cr-mica samples from the earliest stage of mercury mineralization were collected from mantle xenoliths in three samples from the El Entredicho mine. Sample EE-11 is an altered lapilli tuff (frailesca-type), with sedimentary and magmatic clasts. Magmatic clasts are ultramafic fragments and include textural relicts of olivine and pyroxene, with partly unaltered spine1 vermicules. The Cr-mica occurs in pyroxene pseudomorphs, intimately intergrown with carbonate. Sample EE-12 is a basaltic lava flow with two large ultramafic xenoliths. In one of them, the Cr-mica is conspicuous in the pyroxene pseudomorphs, and is also intimately intergrown with carbonate. Sample EE-14, like EE-11, is a fruilesca, without sedimentary clasts. Cr-mica is in a 1 cm diameter ultramafic clast. On one side of the clast the mica is distinctively green, but in the other side it trends toward being colorless (muscovite?). See Table 2 for electron microprobe analyses of mica from the three samples. In the case of the Cr-mica samples, small pieces (approximately 1 mm in diameter) of carbonate-hosted mica were irradiated for 4oAr/ 39Ar analysis, with no mineral separation being performed. Two chunks of EE-11 and one each of EE-12 and EE-14 were irradiated in evacuated quartz ampoules, and several pieces of each sample were irradiated in our standard packaging system which is evacuated but does not collect recoil gas. Unfortunately, the EE-14 capsule broke in the laboratory; however, we have data from three vacuum encapsulation runs (EE-11 and EE-12) and 9 more traditional laser step-heating analyses (all three samples). were measured with either a MAP-21 5 or VG1200S mass spectrometer and all analyses were performed using an electron multiplier or Daly detector with a gain of approximately 104. Mass discrimination was monitored daily by measuring the "'Ar/ 36Ar ratio of about 2.5 X lop9 mlSTP of atmospheric AI-. Fusion system blanks were subtracted from all sample gas fractions and blanks were monitored frequently, typically every fifth sample fraction. Typical blank values at masses 36-40 were: 1 X 10-13, 1.3 X 10-13, 5 X 10-14, 1 X 10-13, and 5 X lo-'? mlSTP, respectively. 
Recoil loss w Mite Crystallinity

40Ar/ 39Ar age of Illite
A summary of the argon dating results is given in Table 1 and age spectra are shown in Fig Fraction of 3gAr Released al. [5] , through a combination of TEM, XRD, and vacuum encapsulation laser 40Ar/ 39Ar analyses, showed that the illite structure on the nanometer scale is the dominant control on the quantity of 39Ar lost during irradiation due to recoil. In particular, the degree of 39Ar loss appeared to be inversely proportional to the mean packet thickness, suggesting that 39Ar which does not stop within a protected interlayer site is lost from the sample at room temperature. In the Don et al. study [5] , it was found that the fraction of 5 Ar lost due to recoil is a linear function of illite crystallinity as determined by XRD (420) and our results on illite in this study are fully in accord with the previous finding ( Fig. 4 ). If the exposed, non-retentive sites in illite also contain K, then an equal proportion of radiogenic "'Ar will have been lost in nature. Thus, the K in non-retentive sites should not be counted in the total potassium budget if one wants an accurate estimate of the sample's formation age. Unfortunately, the K-Ar method measures the total K concentration, meaning that K-Ar ages, where exchangeable K has not been previously removed, are at best minimum ages for mineral formation. The total gas ages in this study are completely equivalent to K-Ar ages [5] and should therefore be considered as minimum ages for ore emplacement. As can be seen from Table 1 , these ages (Total Gas Ages) span about 30 m.y., from 295 to 325 Ma. However, the Ar retention ages (Retention Ages, defined as the age derived from Ar isotopes retained in the illite at room temperature 151) form a very tight cluster of apparent ages which range only from 359 to 363 Ma. This is particularly remarkable given the wide range of emplacement ages for the rocks hosting these samples. Dong et al. 151 argued that the Ar retention ages were more reliable than total gas ages, based upon reproducibility and upon agreement with other isotopic dating systems. In this study, the tight clustering of ages near 360 Ma strongly supports the Ar retention age model. Furthermore, the argon retention age model predicts that a sample's total 40Ar/K ratio should decrease linearly with the fraction of 39Ar lost due to recoil. In Fig. 5 , we plot e"' -1 (which is proportional to radiogenic "Ar/K) against the percentage of 39Ar lost due to recoil. The linear trend is exactly as predicted by the Dong et al. [51 model and extrapolating this line back to zero recoil loss yields a limiting age of 360 Ma.
The age spectra in Fig. 3 are suggestive of age spectra of minerals which have suffered 40Ar loss 1221 and this standard model has been successfully applied to the interpretation of age spectra from high-grade illite samples [5, 23] . Awwiller et al. [24] used the high apparent ages in the middle portion of diagenetic grade age spectra to argue for the presence of an older detrital component. However, Dong et al. [5] found that the argon retention age, calculated by adding together all of the retained argon isotopes, was a better measure of diagenetic age than either total gas or apparent 'plateau' ages. It was lllite Total Gas Age vs Recoil Gas Loss argued that subtle recoil effects were responsible for the high apparent ages in the mid portion of many illite age spectra. Several important features are apparent in all of the age spectra from samples in this study, as well as in low-grade (i.e. below epizone) illite from Welsh Basin and New York State shales [5] . Immediately after the room temperature recoil fraction, apparent ages are nearly zero, with ages rising to a point above the argon retention age. The overshoot above the retention age is correlated with the degree of 39Ar loss due to recoil, with the highest apparent ages being associated with the highest degree of 39Ar loss and the most poorly crystallized material. Using the standard model of Turner [22] , one might ascribe this pattern to 40Ar loss at zero time, with argon blocking at the maximum age indicated by the age spectrum. This is a highly unlikely scenario for low-grade illite, however. If there was significant loss of 40Ar at the present time, little 40Ar should have remained in the mineral after several hundreds of millions of years. Also, one would expect that the most poorly crystallized material would exhibit the youngest 'plateau' ages instead of the highest. Instead of 40Ar loss, the reproducible features seen in Fig. 3 are more likely the result of enhanced 39Ar transport out of the samples during the early stages of laboratory stepheating.
We have constructed a simple model that can explain many of the features seen in low-grade illite age spectra. Consider sample sme32/2, which experienced about 20% loss of 39Ar during irradiation. In the model of Dong et al. 151 , this sample would have an average packet thickness of five 2:l structural layers, with a total of 10 interlayer surfaces, 8 interior and 2 exposed (i.e. 20% of Ar sites are exposed, 80% are interior interlayer sites). Argon isotopes (both 3'Ar and "'Ar) are retained in the interior interlayer sites and are immediately lost from the exposed sites. However, one would expect that there is some damage to the crystal structure, due to the energetic emplacement of the products of nuclear reactions, and hence there is a high probability of point defects existing near 39Ar atoms. This correlation would not exist for 40Ar atoms, which are produced with much less recoil energy and therefore one would expect that '"Ar atoms that are retained within the crystal structure but which have a defect A simple computer model has been constructed to quantitatively test the above arguments. A hypothetical interlayer region is simulated by a 1000 by 1000 point rectangular grid which is randomly populated by 10,000 40Ar and 10,000 39Ar atoms. The simulated interlayer region is assumed to be within one 2:1 layer of an exposed or defect surface. The Ar atoms are allowed to move one unit distance per time step, either north, south, east, west, up or down. In the case of 40Ar atoms, motion is not allowed in the vertical direction. For 50% of the 39Ar atoms (i.e. those implanted from outside the crystal), an upward step when the atom is at its point of origin causes a loss of that atom. Otherwise, atoms are lost when they move outside the 1000x1000 grid space. Two 'vulnerable' interlayers (i.e. those within one 2:l structural unit of a packet surface) are assumed to exhibit this kind of degassing, while the two interior interlayers have both "'Ar and 39Ar exiting only via the crystal edges. One can see that, for well crystallized illites which have mean packet thickness of hundreds of layers [51, the effect of defect-enhanced transport of 39Ar is relatively unimportant, as only a small percentage of atoms can communicate directly with the packet's exterior. Synthetic age spectra are constructed by scaling the released "OAr/ 39Ar ratios to yield a retention age of 360 Ma.
The results of this simulation are shown in Fig. 6 . Roughly 350,000 time steps were required to achieve 85% 3gAr degassing. Three runs were performed: one where the probability of defect transport equalled that of motion along the interlayer zone; one with 33% probability of transport through the defect; and one with 10% probability of defect transport. When compared with the data from sme32/2, one can see that the computer simulations can mimic the laboratory data quite well, particularly the 33% probability model. The error bars shown in Fig. 6 represent the expected scatter caused by using only 20,000 atoms to recreate the age spectrum and they are comparable to the fluctuations seen in the computer simulations. The success of this simple model argues that the high 'plateau' ages seen in low-grade illite samples may be a recoil artifact and should not be interpreted as representing the original blocking age of the mineral. Therefore, we regard the argon retention age of 360 Ma as representing the best estimate for the blocking age for these samples. EEl 1 (a) and (b) and run EE12 (a) were vacuum encapsulated and 39Ar lost due to recoil could be collected. In all other cases, the samples were irradiated in vacua, but recoil gas was not collected. Therefore argon retention ages are only available for three samples. A quartz capsule with a sample of EE14 was lost due to breakage in the laboratory. Error estimates are 2a. Fig. 7 shows the age spectra from the twelve analyses of carbonate-hosted Cr-mica samples EE-11, 12 and 14. In general, these age spectra display similar features to those seen in Fig. 3 and in [S] . From Fig. 7a ,b,f and Table 3 it can be seen that the recoil loss of 39Ar is significantly less than was found for the Almaden illite samples, suggesting that the Cr-mica has a greater mean packet thickness. Unlike the illite samples, the individual clumps of Cr-mica have a broad range of ages, from 364 to 427 Ma. This variability exists even within a single hand specimen ( Table 3) .
@Ar / 39Ar age of O-mica
Some of the age spectra in Fig. 7 show unusual deviations from the patterns seen in Fig. 3 and [5] , but the Cr-mica samples had a significant Ca-rich carbonate component, which may explain some of these features. With a Ca-rich mineral intimately intergrown with the Cr-mica, there is the potential for 39Ar and 37Ar exchange recoil, which could cause spectra. 295 between minerals due to disturbances in the age
Significance of &Ar/ 39Ar age measurements at Almadih
The 359-363 Ma ages obtained in this study for illite record an event that is about 80 million years younger than the age of the Criadero quartzite [14] , which hosts stratiform mercury mineralization at Almaden and is at least 20 myr younger than the youngest (Devonian age) rocks that host vein mineralization. Folger et al. [25] found that it is difficult to reset detrital illite during gold mineralization, which took place at temperatures similar to those of the Almaden mineralization, which suggests that significant heating and/or recrystallization is necessary to reset the argon clock in illites. Similarly, Dong et al.
((51 and unpubl. data) have found that diagenetic illite in sediments of the Welsh Basin needed at least epizone grade of metamorphism to cause complete degassing. The illite crystallinity of the Almaden samples, based on XRD data and 39Ar recoil loss 151, suggests that they are of diagenetic grade, which is too low a grade of metamorphism to reset the samples in a sedimentary basin. If later metamorphism had reset the argon isotopes in these samples, we would expect to observe a higher metamorphic grade. It is likely, therefore, that the 360 Ma age recorded in these illites represents the time of their formation as alteration minerals around the mercury ore, and therefore the time that the associated mercury ore was emplaced. These ages, therefore, confirm suggestions that the vein-hosted mineralization at Las Cuevas was formed during Hercynian metamorphism or magmatism. Whether the mercury was newly introduced at this time, or was remobilized from mercury that was deposited by an earlier event depends on interpretation of the ages obtained for the Cr-mica. See Fig. 8 for a histogram of the argon retention ages found in this study.
The 427-364 Ma ages obtained in this study for Cr-mica cover a much wider range than the illite ages and probably represent resetting of an older age at or beyond the oldest age we have obtained from this material. The oldest age (427 Ma) is similar to the age of the early to middle Silurian sedimentary and volcanic rocks that host mineralization at El Entredicho and Almaden, and it is most simply interpreted as the approximate age of formation of the early, ore-related alteration assemblage. The younger ages fall between this age and the age of the illite and are interpreted as representing incompletely reset Cr-mica ages.
The variability of argon retention ages cannot be due to variations in thermal history between the samples, as there are significant age differences within a single hand specimen. In hindsight, it is fortunate that mineral separation was not attempted, as this would have homogenized the samples and much of this variability would have been eradicated. We suspect that local variations in grain size, chemistry and fluid flow during the later metamorphic event has caused this fine-scale heterogeneity. We note that Cr content in the micas, particularly in sample EE-14, are highly variable ( Table 2) which may be a chemical manifestation of a heterogeneous response to the later metamorphic event.
The ages obtained here indicate that mercury mineralization in the Almaden region took place in at least two episodes; one in early Silurian time and another ending in early Carboniferous time. This suggests, in turn, that mercury was deposited both by the alkali basalt volcanic rocks and by later Hercynian metamorphism or magmatism. The early event remains poorly constrained, although it probably took place shortly after deposition of the ore-hosting Lower Silurian Criadero quartzite. Heat and hydrothermal solutions that formed this mineralization were probably related to volcanism that took place at this time [ 151. The Late Devonian-Early Carboniferous 359-363 Ma ages coincide with early stages of Hercynian deformation and metamorphism, as well as early plutonic activity throughout the central Iberian peninsula [26] . The possibility of a Late Devonian metamorphic fluid event in the Almaden area is supported further by data from other studies. N'agler et al. [27] report a Rb-Sr errorchron age(?) of 335 &-15 Ma for micas in Ordovician sediments around Almaden, which they suggest is related to deformation and metamorphism. More importantly, Pares and Van der Voo [28] have pointed out from their data and that of Perroud et al. [29] , that paleomagnetic poles for Ordovician and Silurian rocks in Age in Ma the Almaden area record an overprint of possible Devonian age, roughly the same age as the 359-363 Ma age range reported here. Pares and Van der Voo [28] also recognized a second paleomagnetic overprint in the Almaden area, which they ascribed to Early Carboniferous.
This event possibly correlates with hydrothermal activity related to widespread intermediate to granitic plutonic activity that took place in the area, including the Fontanosas granite (3 12 & 7 Ma), which is just east of Almaden and the Pedroches batholith to the south of Almaden [26, 30] . Although our total gas ages of 321-295 Ma correspond roughly to that age range, it is likely that this is a coincidence rather than a geologically meaningful correlation. Still later thermal events that were probably related to one or more younger hydrothermal systems are represented by K-Ar ages of 
